Introduction {#sec1}
============

Glioma is one of the most common brain tumors, accounting for approximately 50%--60% of all primary brain tumors.[@bib1] Glioma is histologically classified as a malignant brain tumor and classified into grades I--IV by the World Health Organization (WHO).[@bib2] In brief, grade I and II astrocytoma and oligodendroglioma are low-grade gliomas, whereas grade III and IV astrocytoma and oligodendroglioma are high-grade gliomas. Despite advances in treatment modalities, it is still an urgent challenge to identify sensitive early biomarkers for the diagnosis and prognosis of glioma.

With the development of molecular profiles during glioma progression, increasing numbers of molecular biomarkers have been identified for the diagnosis and prognosis of gliomas.[@bib3], [@bib4] For example, ARK5 has been shown to be unregulated in glioma, and the upregulation was correlated with the grade of glioma.[@bib5] In addition, patients with a high expression of ARK5 exhibit shorter survival time. The most famous gene IDH1 is well studied in glioma, and the prognostic impact of the IDH1 mutation has been reported by several studies. Tumor patients harboring a mutation of the IDH1 gene have a better outcome than nonmutated tumors regardless of the grade considered.[@bib6], [@bib7] In particular, transcription factors (TFs) play important roles in the transcriptional networks that regulate gene expression and modify and control cancer phenotypes.[@bib8], [@bib9] Differentially expressed TFs in glioma and their downstream gene targets may be potential therapeutic biomarkers of glioma. Several TFs have also been identified as important regulators of glioma progression, including TP53, SP1, JUN, and STAT3.[@bib10], [@bib11] These candidate genes provide novel insights into the progression of glioma.

In addition to the protein-coding genes, increasing numbers of noncoding RNAs have been identified to play critical roles during glioma progression.[@bib12] Specifically, microRNAs are small noncoding RNAs that regulate gene expression posttranscriptionally and play important roles in regulating diverse biological processes.[@bib13] During the initiation and progression of human gliomas, microRNAs (miRNAs) have been shown to modulate cell proliferation, survival, tumor angiogenesis, invasion, and metastasis.[@bib14], [@bib15] In addition, we also revealed the miRNA regulatory network that is associated with glioma progression and identified the progression-related miRNAs.[@bib4] These studies demonstrated that noncoding RNAs are important molecular regulators during glioma progression.

In addition to miRNAs, another type of noncoding RNA has recently emerged. Long noncoding RNAs (lncRNAs) have been shown to be associated with cancer development and progression, demonstrating potential applications as novel diagnostic or prognostic molecular markers.[@bib16], [@bib17] Tumor-suppressive lncRNA MALAT1 was shown to play critical roles in glioma by downregulating matrix metallopeptidase 2 (MMP2) and inactivating extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) signaling.[@bib18] High expression of lncRNA CASC2c was positively correlated with astrocytoma progression, which is an unfavorable prognosis factor for patients.[@bib19] lncRNA NEAT1 was shown to be regulated by the epidermal growth factor receptor (EGFR) pathway, which contributes to glioma progression through the Wnt/beta-catenin pathway by scaffolding EZH2.[@bib20] However, the majority of these studies have focused on the specific grades of glioma or the most malignant type (glioblastoma multiforme \[GBM\]). The functional significance of lncRNAs in the malignant progression of gliomas is still unclear and needs to be further explored.

To address these questions, in this study we investigated the dynamic transcriptome transition of lncRNAs during glioma progression. Glioma progression-related lncRNAs were first identified, including oncogenic and tumor suppressor lncRNAs. The expression of these candidate lncRNAs was strictly regulated by TFs that showed grade-specific expression. Functional analysis revealed that these lncRNAs were involved in cancer hallmarks, such as cell death. Integrating the clinical information, we also revealed a candidate survival-related lncRNA functional module, which provided deep insights into the molecular mechanisms of glioma progression.

Results {#sec2}
=======

Overview of Identifying Glioma Progression-Related lncRNAs {#sec2.1}
----------------------------------------------------------

We systematically analyzed the lncRNA and protein-coding gene transcriptome transition during glioma progression by analyzing the expression profiles of two cohorts ([Figure 1](#fig1){ref-type="fig"}A). Both sets of expression profiles of lncRNAs and coding genes were obtained from brain tumors of grades II, III, and IV. We first identified the lncRNAs and coding genes that showed dynamic expression during glioma progression. These lncRNAs and coding genes were further classified into nine groups. By further integration of transcription regulation data, we revealed that the expression of lncRNAs and coding genes was regulated by grade-specific TFs. Moreover, we predicted the potential function of lncRNAs, and a network module comprising lncRNA and coding genes was found to be associated with the survival of glioma patients.Figure 1Dynamic Transcriptome Landscape of lncRNAs during Glioma Progression(A) A flowchart shows the dynamic transcriptome analysis during glioma progression. Approximately thousands of glioma patients were integrated for identification of oncogenic lncRNAs. The transcription regulation, functions, and clinical features of these lncRNAs were analyzed in this study. (B) The cumulative distribution of lncRNA and coding gene expression of glioma patients in the TCGA and CGGA datasets. (C and D) The expression of lncRNAs during glioma progression for (C) TCGA and (D) CGGA project data. The heatmaps show the normalized expression of lncRNAs in grade II, III, and IV patients. The color bars in the left represent different classes of lncRNAs. The right boxplots show the normalized expression of different classes of lncRNAs.

Dynamic Transcriptome Transition during Glioma Progression {#sec2.2}
----------------------------------------------------------

To investigate the dynamic expression transcriptome profiles during glioma progression, we collected RNA-sequencing (RNA-seq)-based datasets at three grades of glioma patients from The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) projects ([Table 1](#tbl1){ref-type="table"}). After reads mapping and transcriptome assembly, we obtained the expression of 5,376 lncRNAs and 15,934 protein-coding genes in TCGA data and 6,710 lncRNAs and 1,8976 genes in CGGA data. Evidence has indicated that the expression of lncRNAs is lower than protein-coding genes in various types of tissues.[@bib21] Thus, we analyzed the global average expression of lncRNAs and coding genes in glioma patients. The average expression of lncRNAs was significantly lower than that of coding genes in both TCGA and CGGA datasets ([Figure 1](#fig1){ref-type="fig"}B; p \< 2.2e−16, Kolmogorov-Smirnov test).Table 1Clinical Characteristics of the Glioma Patients of Different GradesTCGACGGAIIIIIIVIIIIIIVn23823815910072100Age (years)15--7523--7622--9021--6518--7518--81SexMale124132151594564Female11410658412736IDH1Mutant52607783526Wild-type143128151183370SurvivalDeath3365127294381Survival16212331682613Time (days)1--5,5460--6,4230--2,68121--3,36129--3,06334--2,961

Next, we performed a t test to identify the lncRNAs and coding genes that were differentially expressed during glioma progression (see details in [Materials and Methods](#sec4){ref-type="sec"}). We found that the expression of lncRNAs showed a greater difference in the TCGA data, and approximately 78% of the lncRNAs showed a dynamic expression transition during glioma progression ([Figure 1](#fig1){ref-type="fig"}C; [Table S1](#mmc2){ref-type="supplementary-material"}). In addition, we identified that approximately 27% of the lncRNAs showed variable expression in the CGGA data ([Figure 1](#fig1){ref-type="fig"}D; [Table S2](#mmc3){ref-type="supplementary-material"}). We found that the expression of lncRNAs showed greater changes during the transition from grade III to IV. Specifically, we focused on the lncRNAs that showed a consistent dynamic expression during glioma progression. Hundreds of lncRNAs exhibited consistent upexpression or downexpression during glioma progression ([Figures 1](#fig1){ref-type="fig"}C and 1D). Among these lncRNAs, several have been demonstrated to be associated with glioma, including CRNDE,[@bib22] CARD8-AS1, and PWAR6. In addition to lncRNAs, we also identified the protein-coding genes that showed variable expression during glioma progression ([Figure S1](#mmc1){ref-type="supplementary-material"}; [Tables S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}). These dynamically expressed lncRNAs and coding genes provided a valuable resource for investigating the transcriptome changes and identifying the key gene regulators during glioma progression.

Glioma Progression-Related lncRNAs Are Regulated by Specific TFs {#sec2.3}
----------------------------------------------------------------

The analysis above indicated that lncRNAs and coding genes are dynamically expressed during glioma progression. Next, we combined the results from two independent datasets and identified the consistent glioma progression-related lncRNAs ([Figure 2](#fig2){ref-type="fig"}A). Specifically, we identified 93 and 142 lncRNAs showing consistent upregulation and downregulation during glioma progression, respectively. These lncRNAs account for approximately 57% of all consistently expressed lncRNAs ([Figure 2](#fig2){ref-type="fig"}B), suggesting their critical role in glioma progression. Moreover, we found that the majority of lncRNAs were intergenic lncRNAs ([Figure 2](#fig2){ref-type="fig"}C). Although previous studies have identified several lncRNAs associated with glioma based on exon array,[@bib23] this observation suggests that RNA-seq data can provide more candidates for further functional investigations.Figure 2Dynamic Regulation of Oncogenic lncRNAs during Glioma Progression(A) The overlap of different classes of lncRNAs between TCGA and CGGA data. The heatmap shows the number of overlapping lncRNAs, and the bar plots show the number of lncRNAs in each class. (B) The pie chart shows the proportion of lncRNAs in each class. lncRNAs in the UU class are defined as onco-lncRNAs, and lncRNAs in the DD class are defined as tumor suppressor lncRNAs. (C) The enrichment of different types of lncRNAs in each group. The grids colored with black lines are significantly enriched or depleted. (D) The TF motif enrichment for different classes of lncRNAs. The color indicates the −log10 (p value). (E) The normalized expression distribution of two representative TFs.

Next, we investigated the upstream regulators of lncRNAs. Given that TFs act as master regulators of gene expression, we next integrated gene or lncRNA expression and sequencing binding to identify TF-lncRNA regulation in glioma. We first screened the lncRNA promoters to find the TF binding sites by match in TRANSFAC. Next, the correlation coefficient in the expression between TF and lncRNAs was calculated. TF-lncRNA pairs with a correlation coefficient greater than 0.4 were used for further analysis. We found that lncRNAs are regulated by different TFs ([Figure 2](#fig2){ref-type="fig"}D), whereas downregulated lncRNAs are regulated by several TFs that are involved in glioma. Specifically, we also identified additional TFs that show grade-specific expression ([Figure 2](#fig2){ref-type="fig"}E). SATB1 has been reported to be expressed in several human cancers, and it plays an important role in glioma development and progression. Consistent with a previous study,[@bib24] we identified that SATB1 was low expressed in high-grade glioma compared with low-grade glioma. Moreover, we also identified that the downregulated lncRNAs were strictly regulated by TEF, which shows decreased expression during glioma progression ([Figure S2](#mmc1){ref-type="supplementary-material"}A). For the lncRNAs with increased expression, we identified several TF regulators, including SPI1 and PLAU ([Figure 2](#fig2){ref-type="fig"}E; [Figure S2](#mmc1){ref-type="supplementary-material"}B). SPI1 was demonstrated to play critical roles in glioma,[@bib10] and PLAU was associated with tissue remodeling and wound repair.[@bib25] Taken together, all of these results indicate that these TFs play important roles during glioma progression by regulating the dynamically expressed lncRNAs.

Oncogenic lncRNAs Are Involved in Cancer Hallmarks {#sec2.4}
--------------------------------------------------

Next, we integrated the expression of lncRNAs in normal samples and identified the differentially expressed lncRNAs between cancer and normal samples. In addition, we overlapped these differentially expressed lncRNAs with those showing dynamic expression during glioma progression. In total, 33 upregulated lncRNAs also showed dynamic upregulation and 61 downregulated lncRNAs showed dynamic downregulation during glioma progression ([Figure 3](#fig3){ref-type="fig"}A; [Table S5](#mmc6){ref-type="supplementary-material"}). We defined these upregulated lncRNAs as onco-lncRNAs and downregulated lncRNAs as tumor suppressor lncRNAs. Moreover, we found that these lncRNAs showed greater expression changes during the transition from grade III to IV, suggesting that they play critical roles during the progression of low-grade glioma to high-grade glioma. Evidence has shown that the expression of lncRNAs might be affected by mutations or copy number variation (CNV).[@bib26], [@bib27] We thus integrated the mutation and CNV data in glioma and found that several lncRNAs were located within CNV alteration regions or adjacent to genes with mutations in cancer ([Figure 3](#fig3){ref-type="fig"}B). For example, we found that STXBP5-AS1 is a tumor-suppressing lncRNA. We found that the genomic region of this lncRNA had a loss in CNV, which may be the response for the decreasing expression during glioma progression.Figure 3The Potential Functions of Oncogenic lncRNAs(A) The heatmap shows the dynamic expression of onco-lncRNAs and tumor suppressor lncRNAs. (B) The Circos plot shows the genomic and transcriptional alterations of the glioma progression-related lncRNA and genes. The inner network shows the lncRNA-gene-hallmark links. (C) The normalized expression distribution of CARD8-AS1. Dark boxes are for TCGA data, and light boxes are for CGGA data. (D) The normalized expression distribution of PWAR6. (E) The enrichment plot shows the distribution of genes in the regulation of immune response process that are correlated with the expression of CARD8-AS1. (F) The enrichment plot shows the distribution of the genes in the regulation of the DNA repair process that are correlated with the expression of PWAR6.

Our analysis above identified the oncogenic lncRNAs during glioma progression; we next investigated the functions of these lncRNAs. We employed "guilt by association" to identify the corresponding protein-coding genes that are coexpressed (false discovery rate \[FDR\] \< 0.01 and R \> 0.75) with each onco-lncRNA or tumor suppressor lncRNA and performed functional enrichment analysis. Here, we focused on differentially expressed genes in cancer hallmark-related functions. This analysis revealed that one or more hallmarks were enriched by coexpressed genes of these oncogenic lncRNAs ([Figure 3](#fig3){ref-type="fig"}B; [Figure S3](#mmc1){ref-type="supplementary-material"}). Interestingly, the majority of these genes were enriched in insensitivity to antigrowth signals ([Figure S3](#mmc1){ref-type="supplementary-material"}). Cancer cells with defects in the antigrowth signaling pathway are missing a critical gatekeeper of the cell-cycle progression; thus, cancer cells keep growing and dividing.[@bib28] In addition, these genes are significantly enriched in tissue invasion and metastasis, further suggesting the important roles of these oncogenic lncRNAs during glioma progression.

Specifically, we found that several lncRNAs coexpress with more genes (hubs) in the coexpression network ([Figure S3](#mmc1){ref-type="supplementary-material"}A). For instance, the onco-lncRNA CARD8-AS1 coexpresses with several genes involved in insensitivity to antigrowth signals and tissue invasion and metastasis. CD164, a sialomucin, has been demonstrated to be involved in the regulation of proliferation, apoptosis, adhesion, and differentiation in multiple cancers.[@bib29] In addition, RAC2 is important for glioblastoma tumorigenesis and can serve as the potential therapeutic target against glioblastoma and its stem-like cells.[@bib30] This lncRNA also shows dynamic upregulation during glioma progression ([Figure 3](#fig3){ref-type="fig"}C). In addition, we performed a gene set enrichment analysis (GSEA) based on the coexpression of each lncRNA.[@bib31], [@bib32] We found that this lncRNA was involved in the regulation of immune response ([Figure 3](#fig3){ref-type="fig"}E; FDR \< 0.001) and epithelial mesenchymal transition ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3D; FDR = 0.021). Moreover, another hub tumor suppressor lncRNA PWAR6 coexpresses with the genes involved in insensitivity to antigrowth signals (such as BTRC and PRKCE) and evading apoptosis (such as FAIM2). PWAR6 shows dynamic downregulation during glioma progression ([Figure 3](#fig3){ref-type="fig"}D). The GSEA analysis indicated that this lncRNA was involved with the regulation of immune response and DNA repair ([Figure 3](#fig3){ref-type="fig"}F; [Figure S3](#mmc1){ref-type="supplementary-material"}). Together, these results indicate that lncRNAs exhibit grade-specific dynamic expression and regulated hallmark-related genes, which could serve as important regulators during glioma progression.

Validation of the Functions of Glioma-Related lncRNAs {#sec2.5}
-----------------------------------------------------

Next, we sought to study the functional roles of top candidate glioma-associated lncRNAs. We focused our analysis on CARD8-AS1. To explore the role of CARD8-AS1 in proliferation, we used a loss-of-function antisense approach. A CARD8-AS1 short hairpin RNA (shRNA) lentivirus was used to knock down CARD8-AS1 expression in U251 and A172 cells. Transfection of the CARD8-AS1 shRNA lentivirus led to downregulation of CARD8-AS1 as determined by qRT-PCR ([Figure 4](#fig4){ref-type="fig"}A) Lower CARD8-AS1 expression led to marked morphological changes in both cell lines. Specifically, there was a pronounced decrease in the fraction of elongated, spindle-shaped cells that was paralleled by an increase in rounded, apoptotic cells. A significant decrease in the cell viability was observed over time in glioma cells that had low CARD8-AS1 expression compared to control group cells as observed by light microscope ([Figure 4](#fig4){ref-type="fig"}B). In addition, Annexin V assay revealed that knockdown of CARD8-AS1 for 48 hr increased rates of cell apoptosis both in U251 and A172 cells, compared with control groups ([Figure 4](#fig4){ref-type="fig"}C). Furthermore, *in vitro* cell scratch tests revealed that lower CARD8-AS1 treatment reduced the number of migrations in U251 and A172 cells, compared with controls ([Figure 4](#fig4){ref-type="fig"}D). Overall, these data suggest that CARD8-AS1 regulates the metastatic potential of glioma cell lines *in vitro*.Figure 4CARD8-AS1 shRNA Lentivirus Suppresses Glioma Cell Proliferation and Migration and Induces Apoptosis *In Vitro*(A) CARD8-AS1 expression was quantified by qRT-PCR analysis. CARD8-AS1 shRNA lentivirus significantly reduced CARD8-AS1 expression, compared with the control groups. (B) Morphological alterations and accounted assay in the U251 and A172 cells upon CARD8-AS1 suppression, as assessed by phase contrast microscopy. (C and D) Representative images of *in vitro* Annexin V (C) and cell scratch assays (D) of U251 and A172 after transfection with CARD8-AS1 shRNA lentivirus or control lentivirus.

Survival-Related lncRNA Network Module in Glioma {#sec2.6}
------------------------------------------------

Recent studies have demonstrated the utility and superiority of lncRNAs as novel biomarkers for cancer diagnosis, prognosis, and therapy.[@bib33] We next analyzed the associations between the expression of oncogenic lncRNAs and the clinical outcome of glioma patients. Using survival analysis and a Cox regression model, we identified a set of lncRNAs (including 12 protective and 8 risk lncRNAs) demonstrating an ability to stratify patients into high- and low-risk groups with significantly different survival in glioma ([Figure S4](#mmc1){ref-type="supplementary-material"}A; [Table S6](#mmc1){ref-type="supplementary-material"}). These lncRNAs show consistent power in the TCGA and CGGA datasets. The multivariate Cox and stratification analysis indicated that these oncogenic lncRNA signatures were independent prognostic factors after adjusting for other clinical covariates, such as age and sex. Specifically, we found that the high expression of PWAR6 is associated with better survival of glioma patients in the TCGA ([Figure S4](#mmc1){ref-type="supplementary-material"}B; hazard ratio \[HR\] = 0.77, log rank p \< 2.2e−16) and CGGA datasets (HR = 0.76, log rank p = 1.35e−10). In addition, we also identified a risk lncRNA CARD8-AS1 in the TCGA (HR = 1.18, log rank p \< 2.2e−16) and CGGA (HR = 1.65, log rank p = 8.11e−8) data during glioma progression ([Figure S4](#mmc1){ref-type="supplementary-material"}C).

To further investigate the functions of these survival-related lncRNAs, we next identified the survival-related protein-coding genes based on the same procedure. In total, we identified 598 risk genes and 141 protective genes. Evidence has demonstrated that the lncRNA and genes synergistically regulate the important biological processes in cancer. We next identified the coexpression lncRNA-gene pairs with a correlation coefficient greater than 0.75 and defined these pairs as a survival-related module. Here, we identified a module formed by 22 lncRNA-gene pairs ([Figures 5](#fig5){ref-type="fig"}A and 5B). Based on the expression of these lncRNAs and genes, we trained a model in the TCGA dataset and found that the expression of this module can distinguish the patients with different survival times ([Figure 5](#fig5){ref-type="fig"}C; log rank p \< 2.2e−16). In addition, this model was validated in the CGGA dataset ([Figure 5](#fig5){ref-type="fig"}D; log rank p \< 2.2e−16). Our analysis above indicated that the expression of lncRNAs is strictly regulated by grade-specific TFs; we next identified the TFs that regulate the components of the module. As a result, we identified several TFs that are associated with cancer development and progression, such as SATB1, SPI1, HOXA3,[@bib34] HOXD11,[@bib35] ELF4,[@bib36] and SP100.[@bib37]Figure 5Survival-Related Oncogenic lncRNA Module in Glioma(A) The survival portrait of oncogenic lncRNAs and genes in patients of TCGA data. (B) lncRNA-gene coexpression module in glioma. Solid lines represent the coexpression relationships, and dashed lines represent the transcription regulation between TFs and lncRNAs or genes. (C) The Kaplan-Meier analysis of glioma patients using the expression of lncRNA module in the TCGA dataset. (D) The Kaplan-Meier analysis of glioma patients using expression of the lncRNA module in the CGGA dataset.

Next, we further explored whether the lncRNA module can be effectively used as a prognosis signature for high-grade gliomas (III and IV). Likewise, we trained the Cox regression coefficient for each lncRNA or gene in the module based on the expression of high-grade glioma patients in the TCGA dataset and then calculated the risk score for each patient in the TCGA and CGGA datasets. The patients were divided into four groups based on the risk score and grade information; we found that these patients had a distinct survival time in both the TCGA and CGGA datasets ([Figure S5](#mmc1){ref-type="supplementary-material"}). These results suggest that the lncRNA module signature integrated with the grade information can be a good candidate prognosis biomarker for glioma progression.

Prognostic Effect of lncRNA Network Module Is Independent from IDH1 Mutation {#sec2.7}
----------------------------------------------------------------------------

Mutation of the IDH1 gene has been demonstrated to be a very strong prognostic factor in gliomas regardless of the grade.[@bib38] Patients whose tumor harbored an IDH1 mutation had a significantly longer survival time than patients with a tumor of the same grade but a wild-type for IDH1. Next, we investigated whether the lncRNA module identified in our study is an independent prognosis biomarker. We divided patients into three groups: IDH1-mutated patients, IDH1 wild-type with a low risk score, and IDH1 wild-type patients with a high risk score. We found that IDH1-mutated patients showed similar survival rates as the wild-type but with a low risk score in the TCGA dataset ([Figure 6](#fig6){ref-type="fig"}A). These two groups showed better survival than the patients with a high risk score (p \< 2.2e−16). In addition, we found that the lncRNA module signature can also classify patients with different survival rates in the CCGA data ([Figure 6](#fig6){ref-type="fig"}B; p \< 2.2e−16). Specifically, the patients in the IDH1 wild-type and low-risk group showed better survival than those of the IDH1-mutated group with high risk. Taken together, these results indicate that the identified oncogenic lncRNA module signatures have important clinical implications for improving clinical outcome predictions and guiding the therapy for glioma patients with further prospective validation.Figure 6Prognosis of the lncRNA Module Independent of IDH1 Mutation(A) The Kaplan-Meier analysis of glioma patients based on the lncRNA module signature and IDH1 mutation in the TCGA dataset. (B) The Kaplan-Meier analysis of glioma patients based on the lncRNA module signature and IDH1 mutation in the CGGA dataset.

Web-Based, User-Friendly Platform for Investigating lncRNA Expression during Glioma Progression {#sec2.8}
-----------------------------------------------------------------------------------------------

An increasing number of studies have demonstrated that lncRNAs play critical roles during glioma progression. Our current studies have identified lncRNAs that are associated with glioma progression. To facilitate the investigation of the functions of lncRNAs in glioma by users, we constructed a web-based platform (<http://bio-bigdata.hrbmu.edu.cn/AGP-lnc/>) for viewing the dynamic expression changes of lncRNAs during glioma progression ([Figure 7](#fig7){ref-type="fig"}). On this platform, the users can select the glioma datasets from TCGA or CGGA. By inputting the name of the lncRNAs of interest, the users can obtain the dynamic expression of lncRNAs during glioma progression, including grades II, III, and IV. From the resulting boxplots, it is easy to obtain the expression pattern of the lncRNAs. If the expression of lncRNAs increases with the grade of glioma, they may test for oncogene functions. In contrast, they might be candidate tumor suppressors if their expression decreases during glioma progression. In addition, all of the datasets can be downloaded for further analyses. Taken together, this platform provides a better view of lncRNA functions during glioma progression.Figure 7Web-Based Platform for Glioma-Related lncRNAs/Genes(A) The users can input the lncRNAs/genes of interest and select the data resource for viewing the dynamic expression changes during glioma progression. (B) The boxplots show the expression distribution of the lncRNAs/genes of interest in grade II, III, and IV glioma patients. (C) The downloaded files in this platform. (D) The statistics of the platform.

Discussion {#sec3}
==========

lncRNAs are involved in various biological processes in glioma cells, including apoptosis, cell proliferation, and invasion.[@bib39], [@bib40] The dysregulation of lncRNA expression has been observed in various types of cancer, including glioma.[@bib41] However, we still lack knowledge on the functions of lncRNAs during glioma progression. Here, we integrated the genome-wide lncRNA expression profiles across thousands of glioma patients of different grades, transcription regulation, and functional genomics datasets. The integration analysis revealed critical lncRNAs that show dynamic expression and are regulated by grade-specific TFs. Moreover, we identified several oncogenic lncRNAs that are associated with the survival of patients, such as PWAR6 and CARD8-AS1. All of these results provide a valuable resource for further investigating the roles of lncRNAs during glioma progression.

Although a number of lncRNAs were identified to be dysregulated in cancer, we lack knowledge on the upstream regulators. In this study, we identified not only the dynamically expressed lncRNAs but also the candidate TF regulators based on a motif enrichment analysis. We revealed that these grade-specific expressed lncRNAs are regulated by grade-specific TFs. The promoters of lncRNAs are significantly bound by these TFs. In addition, we found that these TFs also show higher expression at corresponding grades. These results indicate that these dynamically expressed lncRNAs are likely to be regulated by these TFs, further playing a critical role in glioma progression. In addition, we also investigated the TF-lncRNA regulation based on public chromatin immunoprecipitation sequencing (ChIP-seq) data. We found that approximately 41% of the TF-lncRNA regulation identified based on TF binding analysis was also supported by the ChIP-seq data from ChIPBase v2.0.[@bib42] With the increasing number of high-throughput sequencing data, such as ChIP-seq,[@bib43] we can obtain more details on the regulation of these oncogenic lncRNAs in cancer. In addition, evidence has indicated that miRNA also plays a critical role in regulating the expression of lncRNAs.[@bib44] We next predicted the miRNA regulators for two important lncRNAs identified here, including PWAR6 and CARD8-AS1. We found that these two lncRNAs were regulated by several miRNAs that have been demonstrated to be involved in glioma, such as hsa-miR-184,[@bib45] hsa-miR-21-3p,[@bib46] and hsa-miR-20a-5p.[@bib45]

A large number of putative lncRNAs have been identified or predicted in humans; however, the functions of the majority of lncRNAs remain poorly characterized. To infer the possible functional roles of the dynamically expressed lncRNAs during glioma progression, we used a computational method integrating lncRNA and mRNA expression profiles to infer the potential functions of lncRNAs. Based on the coexpression network, we found that the majority of coding genes are involved in cancer hallmark-related functions, such as insensitivity to antigrowth signals, tissue invasion, and metastasis. Specifically, the GSEA analyses indicated that CARD8-AS1 and PWAR6 are involved in the regulation of immune response, epithelial-mesenchymal transition (EMT), and DNA repair. Moreover, we also revealed that several lncRNAs are associated with patient survival, while possibly serving as candidate prognostic biomarkers in glioma. Although these results provided evidence for the functions of these oncogenic lncRNAs, more experimental validation is needed to illustrate their detailed functions in glioma.

The current study utilized comprehensive bioinformatics analyses to determine the dynamic transcriptome landscapes of lncRNA during glioma progression. Thus, it will be important to validate the expression dynamic of the key lncRNA regulators and their target genes by low experimental methods in the future. Collectively, our study provides a foundation for understanding lncRNA expression and regulation during glioma progression.

Materials and Methods {#sec4}
=====================

Transcriptome during Glioma Progression {#sec4.1}
---------------------------------------

The genome-wide lncRNA and protein-coding gene expression of glioma samples were downloaded from TCGA project, including 476 lower-grade glioma (LGG) and 159 GBM samples.[@bib47], [@bib48] In addition, we also downloaded the clinical information, including age, sex, grade, IDH1 mutation status, and survival time of these samples. There were 238 grade II, 238 grade III, and 159 grade IV samples for further analysis ([Table 1](#tbl1){ref-type="table"}). The expression of the lncRNAs and genes were measured by fragments per kilobase of transcript per million mapped reads (FPKM). To ensure detection reliability and reduce noise, we applied two filters used in one previous study in each cancer type to identify the expressed lncRNAs.[@bib49] First, the lncRNAs for which the 50th-percentile FPKM value was equal to zero were eliminated; second, we selected only the lncRNAs for which the 90th-percentile FPKM value was greater than 0.1 for further analysis. The expression value of each lncRNA was log-transformed.

In addition, we also obtained another RNA-seq dataset during glioma progression from the GEO (GEO: [GSE48865](ncbi-geo:GSE48865){#intref0015}).[@bib50] The raw fastq files were downloaded and processed using Tophat[@bib51] for alignment and Cufflinks[@bib52] for assembly. All default options for these tools were used. The human reference genome GRCh37 and the corresponding gtf annotation were downloaded from GENCODE. Then we harvested the lncRNA and gene expression profile for 272 glioma samples, including 100 grade II, 72 grade III, and 100 grade IV samples ([Table 1](#tbl1){ref-type="table"}). The expression profiles were processed as the TCGA data. In addition, we also downloaded the clinical information of these samples from the CGGA project.

Identification of Glioma Progression-Associated lncRNAs and Genes {#sec4.2}
-----------------------------------------------------------------

To identify glioma progression-associated lncRNAs and genes, we used a t test model with BH-corrected p \< 0.1 to select RNAs (including lncRNAs and coding genes) that were differentially expressed between adjacent grades. Specifically, for a specific gene or lncRNA i, we first calculated the standard test statistic for comparing two groups:$$\text{t} = \frac{x_{i,1} - x_{i,2}}{s_{i}},$$where $x_{1,i}$ is the mean expression value of gene or lncRNA i in group I, $x_{2,i}$ is the mean in group II, and $s_{i}$ is the within-groups SE for gene or lncRNA i. The t statistic would follow the t distribution indexed by n1+n2−2 degrees of freedom. n1 and n2 are the number of tumor samples in different grade of glioma progression. In addition, p values were obtained according to the t distribution.

Next, these lncRNAs or genes were filtered based on the fold change (FC) between two adjacent grades. The previous grade was set as the denominator (III versus II and IV versus III). The lncRNAs and genes with FC \> 1 were considered to be upregulated during progression and grouped into the "Up" pattern. The lncRNAs and genes with FC \< 1 were grouped into the "Down" pattern, and the remaining genes were considered nondifferentially expressed and grouped into "Maintain." Thus, all lncRNAs and genes were grouped into one of nine possible patterns.

Transcription Regulation Analysis of the lncRNAs and Genes {#sec4.3}
----------------------------------------------------------

Promoter sequences (defined as the 2-kb regions around the transcription start sites) of the lncRNAs or genes were first downloaded from UCSC (University of California, Santa Cruz). The promoter sequences of glioma progression-related lncRNAs with different expression patterns were subjected to match in TRANSFAC to identify the TFs that specifically bind to the promoters of the lncRNAs and genes. To identify the active TF-lncRNA or TF-gene regulation in glioma, we also calculated the expression correlation between TFs and lncRNAs or TFs and genes. The pairs with a correlation coefficient greater than 0.4 and p values less than 0.01 were retained for further analysis. For the lncRNA modules, we used the correlation coefficient 0.75 as a cutoff.

In addition, we also downloaded the TF-lncRNA regulation from ChIPBase v2.0.[@bib42] Next, we identified the TFs and lncRNAs that overlapped with the regulation predicted above. The common TF-lncRNA regulation was identified.

Genomic Alterations of lncRNAs/Genes in Glioma {#sec4.4}
----------------------------------------------

We also downloaded the genomic alterations data from the TCGA project. The copy number alterations for glioma were obtained from Broad GDAC Firehose (<https://gdac.broadinstitute.org/>). We used the 95% confidence level datasets. If the lncRNAs overlapped with the copy number alteration regions, we considered them as CNV altered. In addition, we also obtained the somatic mutation data from the MC3 file of the TCGA project.[@bib53] Genes with mutations were identified. We next collected the cancer-related genes from the Cancer Gene Census (CGC).[@bib54]

Functional Analysis of Glioma Progression-Related lncRNAs {#sec4.5}
---------------------------------------------------------

To identify the function of lncRNAs, guilt by association was used in our analysis. We calculated the expression correlation coefficient of lncRNAs and protein-coding genes, and genes with correlation coefficients (R) greater than 0.75 and p values \<0.01 for each lncRNA were identified. In addition, we also identified the cancer hallmark gene-related lncRNAs and constructed the lncRNA-hallmark genes network.

Moreover, to predict the potential functions of glioma progression-related lncRNAs, we performed GSEA.[@bib31], [@bib32] First, we calculated the correlation between the expressions of coding genes with specific lncRNAs. Next, the genes were ranked by the correlation coefficients and subjected to the GSEA analysis. Here, we focused on cancer hallmark-related functions. The Gene Ontology (GO) terms with FDR \<0.05 were regarded as potential functions of the specific lncRNAs.

Cell Lines and Transfection {#sec4.6}
---------------------------

U251 and A172 cells were passaged and maintained following standard techniques in 5% CO~2~% and 95% air cultured following manufacturer instructions (American Type Culture Collection \[ATCC\]). U251 and A172 cells were transfected lentivirus vector of CARD8-AS1 shRNA following manufacturer's instructions (Genecard Technologies). Transfection was done using lentivirus vector following manufacturer's instructions (Genecard Technologies). Cell lines were purchased and verified by ATCC, maintained at low passage.

RNA Extraction and qRT-PCR Analysis {#sec4.7}
-----------------------------------

Total RNA was isolated from cultured cell lines using the RNeasy Mini Kit (Qiagen). RLT buffer was supplemented with 2-mercaptoethanol (Sigma-Aldrich), and DNase treatment was performed for 20 min using the RNase-Free DNase set (Qiagen). About 1 μg of total RNA was reverse transcribed into cDNA using random hexamers with SuperScript III First-Strand Synthesis kit (Life Technologies). About 20 ng of cDNA was used in the qRT-PCR reaction with iQ SYBR Green supermix (Bio-Rad) and custom-designed primers. All experiments were calculated as a function of gene expression relative to either control TATA-box binding protein (TBP) expression or GAPDH. qPCR data were expressed as mean FC (2−ΔΔCT).

Proliferation Assay and *In Vitro* Migration Assays {#sec4.8}
---------------------------------------------------

Following transfection, an accounted assay was used to quantitate the cell viability of human glioma cells. Each experiment was performed in triplicate. Cell scratch tests were used to quantify *in vitro* glioma cell migration. Fold migration was calculated relative to the blank control.

Apoptosis Assays {#sec4.9}
----------------

Apoptosis was quantified 48 hr after transfection, using Annexin V labeling. For the Annexin V assay, an Annexin V-FITC-labeled Apoptosis Detection Kit (Abcam) was used according to the manufacturer's protocol.

Identification of Survival-Related lncRNAs and Genes {#sec4.10}
----------------------------------------------------

A Cox regression analysis was used for identifying the lncRNAs or genes for which the expression is associated with patient survival. A multivariate Cox regression model was used, in which the age, sex, grade, and IDH1 mutation status were taken into account. The lncRNAs or genes with a p value for expression less than 0.05 were identified as glioma survival-related lncRNAs or genes. lncRNAs or genes with an HR greater than 1 were identified as risk lncRNAs, or genes and those with an HR less than 1 were identified as protective lncRNAs or genes.

The survival-related lncRNAs and genes were subjected to a coexpression analysis. We identified the lncRNA-gene pairs with a correlation coefficient greater than 0.75; then the survival-related lncRNA-gene module was identified. Then, for each glioma patient, we calculated a risk score based on the Cox regression coefficient and the expression of the lncRNA or gene in the functional module.$$Risk\ score\ \left( i \right) = \sum\limits_{k = 1}^{n}{\beta_{k} \times e_{ki}},$$where β is the Cox regression coefficient, n is the number of lncRNAs and genes in the module, and e~ki~ is the expression level of lncRNA or gene k in patient i. The regression coefficient was trained in the TCGA dataset; then we applied the same coefficient to the CGGA datasets. Patients were divided into two groups based on the risk score, and a log rank test was used to evaluate the survival difference between two groups. In addition, we also considered the IDH1 mutation status and classified the patients into four groups.

Statistics and Visualization of Networks {#sec4.11}
----------------------------------------

All of the statistical analyses were performed using R Statistical Software, and the biological networks were visualized by Cytoscape. The genome-wide alteration plot for lncRNAs and genes was plotted by the Circos tool.[@bib55]

Implication of Web-Based Glioma-Related lncRNA Platform {#sec4.12}
-------------------------------------------------------

This web site was developed in JSP using a Servlet framework, and it is deployed on a Tomcat 6.0.33 web server, which runs under a CentOS 5.5 system. The data were stored and administered by MySQL 5.5.1. CSS (Cascading Style Sheets) was used to control all of the layout and appearance of the atlas of glioma progression-related lncRNAs. The Echarts were used to show the result by creating a boxplot. The atlas of the glioma progression-related lncRNAs platform was fully tested in Google Chrome (version 17 and later).
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